Background and objectives: This study aimed to assess the dose-dependent effect of antioxidants in protection against cardiovascular changes induced by exposure to cigarette smoke.
Introduction
Smoking causes an estimated 1.69 million deaths per year worldwide (Ezzati and Lopez, 2003) . Extensive evidence has demonstrated that cigarette smoking (Howard et al., 1998) or exposure to secondhand tobacco smoke (Barnoya and Glantz, 2005) increases the risk for cardiovascular disease (CVD). It has also been found that smoking is strongly and positively associated with an increase in the risk for myocardial infarction, sudden cardiac death, and an increase in thrombosis and atherosclerosis (Kannel et al., 1984; Smith and Fischer, 2001) . It has been shown that exposure to cigarette smoking (CS) increases myocardial oxygen demand and concurrently reduces coronary blood flow by causing vasoconstriction in the coronary arteries and microvasculature (Bogren et al., 1989; Kiowski et al., 1994) .
The mechanism for the increased risk of vascular dysfunction is not well understood, but it is presumed to be due to the absorption of tobacco smoke constituents that affect endothelial cell function, which is a characteristic feature of CVD (Powell and Higman, 1994; Conklin et al., 2009 ).
The risk of CVD among smokers may vary because of differences in smoking characteristics, such as number of years smoked, number of cigarettes per day, use of filters, inhalation pattern, and type of tobacco, or because of differences in antioxidant vitamin intake or status (Higenbottam et al., 1982; Powell et al., 1997) .
Many studies have shown that antioxidant nutrient supplements, especially B-carotene, vitamin C, and vitamin E, are effective in protecting the oxidation of DNA, LDL, and protein against oxidative damage by smoking in vitro (Baker et al., 1999; Panda et al., 1999) . Some previous studies also showed that vitamin E has a role in increasing blood flow and arterial vasodilatation in coronary heart diseases (Dutta and Dutta, 2003) . It was found that vitamin C is important for the resynthesis of vitamin E from the tocopheroxyl radical; hence it increases the efficacy of vitamin E as an antioxidant (Carr and Frei, 2000) . From all of the above, it is clear why this study uses a combination of vitamin C, E, in addition to B-carotene.
The risk of CVD in asymptomatic smokers can be estimated by the intima-media wall thickness (IMT) of the common carotid artery. Moreover, several epidemiological studies show associations between CVD risk factors and carotid IMT (Heiss et al., 1991; Joensuu et al., 1994; Wagenknecht et al., 1997) . These include studies reporting positive associations between smoking and IMT (Howard et al., 1994; Howard et al., 1998) and inverse associations between specific antioxidant vitamins and IMT (Bonithon-Kopp et al., 1997; Iribarren et al., 1997) .
Reviewing the available literature, few studies have specifically investigated the dose-dependent effect of antioxidants in protection against cardiovascular changes induced by exposure to cigarette smoke. So a primary objective of this study was to assess such effects using both carotid IMT and lipid profile tests, which are known to indicate atherosclerosis. Furthermore, this study aimed to answer the questions: ''Could antioxidants reverse the changes induced by exposure to cigarette smoke after its stoppage?'' and ''Could the simultaneous intake of antioxidants ameliorate these changes?''
Materials and methods
This experimental study was carried out on 51 adult male albino (Wister) rats aged two months. Their body weights ranged from 150 to 200 g. The study was carried out at the King Fahd Medical Research Center (KFMRC) and included two experiments. Experiment I aimed to study the effect of the antioxidants dose (low and high dose) administrated orally for four weeks to the animals after stopping exposure to CS. This experiment included four groups, with six rats in each group, which were fed a standard diet for seven weeks:
(1) The negative healthy control group (C0) was left without exposure to CS. (2) The positive control group (C1) was exposed to CS for three weeks; then exposure was stopped for four weeks. (3) The first experimental group (E1) was exposed to CS for three weeks and then treated with low dose antioxidants for four weeks after stopping the exposure to CS. (4) The second experimental group (E2) was exposed to CS for three weeks and then treated with high dose antioxidants for four weeks after stopping the exposure to CS.
Experiment II aimed to study the effect of the antioxidant doses (low and high dose), which were administrated orally for four weeks to the animals during their exposure to CS. This experiment included three groups, with six rats in each group, which were fed a standard diet for four weeks:
(1) The positive control group (C2) was exposed to CS for four weeks. (2) The third experimental group (E3) was exposed to CS for four weeks, simultaneously with the administration of low doses of antioxidant. (3) The fourth experimental group (E4) was exposed to CS for four weeks, simultaneously with the administration of high doses of antioxidants.
An additional three control groups, with three rats per group, were compared to the negative control (C0) group to identify the effect of antioxidants used on the structure of the tissues. They included rats (C3 and C4) that were given low doses and high doses of antioxidants, respectively, and rats (C5) that were given corn oil, used to dissolve vitamin E and Bcarotenes.
The brand of cigarette used in this study was one of the most commonly used cigarette types in the Saudi community. Rats were exposed to CS from four cigarettes per hour, five times a day (a total of 20 cigarette per day), five days per week (a total of 100 cigarettes per week) for four weeks in a specially designed chamber, following the method described by Ueta et al. (2003) , with some modification (Fig. 1A) . The antioxidants administrated were vitamins C, E, and B-carotene. They were administrated at low doses (9, 7.2 and 0.27 mg/day, respectively) or at high doses (18, 14.4 and 0.54 mg/day, respectively). These doses of antioxidants were detected according to the method used by Chao et al. (2002) after being adjusted for the rats' weights, following the method used by Paget and Barnes, (1964) .
These doses were selected because Chao et al. (2002) found that combined antioxidant vitamin supplements improve the overall antioxidant-protection capacity and reduce the oxidative stress in male hyperlipidemic smokers by increasing antioxidant levels and antioxidative enzyme activities. They also found that higher doses of antioxidant vitamin supplements had no further improved effects on the antioxidative enzyme system and lipid peroxidation.
Vitamin C was dissolved in 1 ml water, while vitamin E and B-carotene were dissolved in 1 ml of corn oil; all of them were administrated separately through gastric feeding tubes.
In experiment I, blood samples were collected from the orbital vein after the rats fasted overnight (12 h) at the end of the third week (after exposure to CS) and at the end of the seventh week (after four weeks of treatment with antioxidants), according to the method used by Waynforth (1988) . Regarding experiment II, blood samples were collected at the end of the seventh week only. These blood samples were used for the estimation of cholesterol, triglycerides, LDL, and HDL using the Dimension R clinical chemistry system (Tietz, 1994) .
For the histological study, animals were sacrificed by cervical decapitation, and the heart was exposed via thoracic incision. Intracardiac perfusion was administered with normal saline followed by 10% neutral buffered formalin. Carotids were exposed and dissected out; their middle segment (5 mm) was cut, freed from surrounding tissue, and weighed. The heart was removed and weighed, and a circular segment (4 mm thick) just above the apex was obtained. Tissues were refixed in 10% neutral buffered formalin and processed further. Five-micron-thick paraffin sections were obtained and stained with hematoxylin, eosin, and Masson trichrome (Bancroft and Cook, 1994) . They were examined and photographed by light microscope with a digital camera (Olympus BX-51). The carotid intima-media thickness was measured using an image Pro-image analyzer system ( Fig. 1B ).
Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS). The data were expressed as mean and standard deviation. The percentages of the studied organs were calculated from total body weight. A Student's t test was used to compare the two groups, and a paired t test was used to compare serial measurements for the same group. A one-way ANOVA F test was used to compare more than two groups. A least significant difference (LSD) test followed the one-way ANOVA to compare each of the two groups. Significance was considered when p value was less than 0.05.
Results

Effect on carotid artery weight
Regarding experiment I, there was a significant increase in both the carotid artery weight and carotid index (the percent of its weight in relation to the body weight of the animal) of the group exposed to CS for three weeks (C1) compared to the negative control group. The two parameters in the groups treated with either low or high doses of antioxidants, after Figure 1 (A) Photomicrograph showing the special designed chamber used for exposing the rats to CS according to the method described by Ueta et al. (2003) . (B) Photomicrograph of part of a section of control rat carotid artery showing layers of its wall how they were measured using the pro-image analyzer program.
stopping the exposure to CS, were significantly reduced compared to the positive control (C1) group (Table 1) .
For experiment II, these two parameters of the group exposed to CS for four weeks (C2) were significantly increased compared to the negative control group. The two parameters in the group treated with high doses of antioxidants during exposure to CS were significantly lower than those of the positive control (C2) group (Table 1) .
Effect of antioxidants on heart weight
Regarding experiment I, it was noticed that the weight of the heart and the heart index (the percent of its weight in relation to the body weight of the animal) of the group exposed to CS were significantly higher compared to the negative control (C0) group. Heart weight continued to increase even after treatment with a low dose of antioxidants, while a high dose could slightly reduce this increase (Table 1) .
In experiment II, there was a significant increase in the heart weight as well as the percentage of its weight in relation to body weight in the group exposed to CS for four weeks compared to the negative control (C0). Administration of high doses of antioxidants succeeded in reducing both parameters, while low doses failed to do that (Table 1) .
Effect on the lipid profile
Regarding experiment I, the cholesterol level was increased in the group exposed to CS for three weeks compared to the negative control (C0) group. Cholesterol level, as well as the percent of its decrease, was significantly decreased in C2, in which the rats were exposed to CS for three weeks, and then the exposure was stopped for the next four weeks without treatment. The percentage of decrease in the cholesterol level was significant in the groups treated with either low or high doses of antioxidants after stopping the exposure to CS. The highest significant decrease was noticed in the group treated with high doses of antioxidant (22.24%) ( Table 2) . The same changes were noticed in the levels of LDL; the highest percentage of decrease in the LDL level was recorded in the group treated with a high dose of antioxidants (39.11%) ( Table 2) .
For experiment II, the level of cholesterol was increased in the group exposed to smoking for four weeks compared to the negative control (C0). The cholesterol level was significantly decreased in the groups treated with either low or high doses of antioxidants during the exposure to CS below the cholesterol level of the negative control group. The same changes were noticed in the level of LDL (Table 3) .
Regarding experiment I, there was an insignificant decrease in the levels of triglycerides in the groups treated with low doses of antioxidants after stopping exposure to CS; the high doses of antioxidants resulted in a significant decrease, and the percentage of decrease was 25.29% (Table 2 ). Experiment II revealed that there was a significant decrease in the level of triglycerides in the groups treated with low or high doses of antioxidants during their exposure to CS compared to the negative control; the percent of decrease were 33.96% and 35.1%, respectively ( Table 3) .
The level of HDL decreased by 14.2% in the group exposed to CS for three weeks compared to the negative control. By the end of experiment I, the level of HDL increased even without treatment. There was a significant increase in HDL level in the groups treated with low or high doses of antioxidants after stopping exposure to CS compared to the negative control; the percentages of increase were 28.88% and 29.19%, respectively (Table 2) . For experiment II, the level of HDL decreased by 16.7% in the group exposed to CS for four weeks compared to the negative control. HDL level increased in the groups treated with low and high doses of antioxidants during exposure to CS compared to the negative control (Table 3) .
Effect on the histological structure of carotid artery
The carotid arteries of rats from the negative control group (C0) that received a standard diet had relatively wide lumens and thin walls. The arteries had intact structures ( Fig. 2A) . The structure of the carotid arteries of the control rats that received low doses (C3) or high doses (C4) of antioxidants, or corn oil (C5) appear similar to the negative control arteries, with no histological changes ( Fig. 2B-D) . Exposure to CS for three weeks resulted in the loss of some endothelial cells, damage of elastic fibers, and vacuolation of cytoplasm of some smooth muscles of the intima-media layer. An increase in the number of mast cells was observed in the adventitia (Fig. 3A) . Stopping the exposure of CS and then starting treatment with a low dose of the antioxidants (E1 group) resulted in marked improvement of the structure of the carotid artery, especially the endothelial lining, compared to the untreated group (C1) (Fig. 3B ). On the other hand, treatment with a high dose of antioxidants (E2) resulted in relative improvement in the carotid artery structure compared to the untreated group (C1), as endothelial cells were lost in some areas and damaged in others (Fig. 3C) .
Exposure to CS for four weeks (C2) resulted in the loss of the endothelial cell lining, marked damage of the intimal-medial layer, and marked increase in the adventitial layer thickness, which showed many mast cells and lipid-containing cells (Fig. 4A ). Treatment with antioxidants at low (E3) and high (E4) doses simultaneously with exposure to CS resulted in improvement of these changes, apart from the loss of some endothelial cells that was evident in the group treated with high doses of antioxidants ( Fig. 4B and C) .
There was a significant increase in the IMT of the carotid arteries in the group exposed to CS for three and four weeks compared to the negative control (C0) ( Table 4 ). Regarding the effect of antioxidants on the IMT, there was a significant decrease in the IMT of the group treated with both low and high doses of antioxidants after stopping exposure to CS when compared to the positive control (C1) ( Table 4 ). Also, there was a significant decrease in the IMT of the group treated with both low and high doses of antioxidants during exposure to CS when compared to the positive control (C2). It was noticed that the decrease in the IMT in the group that received antioxidants during exposure was more than that in the group that received antioxidants after stopping exposure to CS. It was also noticed that there was a significant increase in IMT in the group that received high doses of antioxidants alone (without exposure to CS) when compared to the negative control (Table 4) .
Effect on the histological structure of heart and its vessels
The hearts of the negative control rats showed striated, branching and anastomosing cardiac muscle fibers running in different directions and possessed central oval nuclei. Branches of coronary vessels appeared in between fibers and were surrounded by small amounts of loose connective tissue (Fig. 5A) . Hearts of the control groups (C3, C4, and C5) that received low and high doses of antioxidants and corn oil (respectively) appeared normal, with no changes compared to the negative control (C0) group (Fig. 5B-D) . The hearts of rats (C1) exposed to CS for three weeks showed that the cardiac muscle fibers were widely separated by connective tissue, and some of them appeared deeply stained with dark nuclei (degenerated). This connective tissue showed some inflammatory and mast cells. Branches of the coronary vessels appeared thickened and surrounded by an increased amount of connective tissue (Fig. 6) .
The hearts from the rats that received low doses of antioxidants after stopping the exposure to CS (E1) showed some fibers that appeared with deeply stained cytoplasm and enlarged nuclei (showing hyaline degeneration) (Fig. 7A) . The hearts from the rats that received high doses of antioxidants (E2) showed some atrophied cardiac muscle fibers, with some mast cells appearing in the connective tissue in between. Branches of the coronaries appeared of normal thickness, while the thickness of the surrounding connective tissue increased slightly (Fig. 7B ). The same changes were observed in the second experiment in rats' hearts that were treated with antioxidants during the exposure to CS (Figs. 8 and 9 ).
Discussion
The important findings of Poredo et al. (1999) confirmed that smoking adversely affects the vasculature, even on a shortterm basis. This study aimed to further study the effect of antioxidants in reversing or decreasing such adverse effects.
This study showed that carotid artery weight was significantly increased in groups exposed to CS; this increase could be attributed to significantly increased IMT of the carotid that was also observed in this study. This was in agreement with Anazawa et al. (2004) , who found that exposure of mice to CS for 21 h resulted in increased IMT of the carotid artery.
The administration of antioxidants (vitamin C, vitamin E, and B-carotene) that were used in this study either at low or high doses could reduce carotid artery weight and IMT. These findings were supported by the findings of other researchers; they found that exposure to smoking resulted in increased carotid thickness in male smokers who did not receive any vitamin supplements (De Waart et al., 2000) . Other researchers also observed that vitamins E and C shortages exposed smokers to an increased risk of developing vascular diseases (Escolar et al., 1996) .
In this study, it was found that exposure to CS resulted in an increase in the heart weight, which could be attributed to the enlargement of the cardiac muscle fibers observed in the showing that cardiac muscle fibers are widely separated by connective tissue (arrow) and some of them appear deeply stained with dark nuclei (head arrow). This connective tissue showed some inflammatory and mast cells (white arrow). One of the branches of the coronary vessels (a) is seen, it appears thickened and surrounded by increased amount of collagen fibers ( * ) as seen in the insert stained with Massion trichrome (H&E).
histological study. This enlargement might result from pulmonary hypertension induced by exposure to CS. This explanation was adopted by Gvozdja´kova´et al. (1995) , who postulated that long exposure to passive smoking leads to an inhibitory effect on the mitochondrial oxidative phosphorylation, which results in hypertrophy of the cardiac muscles. To¨ro¨k et al. (2000) also found that rabbits exposed to CS for three weeks developed an increase in the catecholamine levels, which was associated with increased contractility and hypertrophy of the cardiac muscle.
During this study, it was observed that exposure to CS resulted in narrowing of lumens and increased the thickness of the walls of most branches of the coronary vessels running among the cardiac fibers. Some cardiac muscles appeared degenerated; others were atrophied. Administration of antioxidants failed to improve changes or return the cardiac weight back to its normal range, as cardiac muscle fibers have no ability for regeneration. On the other hand, branches of the coronaries showed improvement after antioxidant administration.
Exposure to CS significantly increased the cholesterol level in the blood, as observed in this study. These results were in conflict with Abou-Hozaifa and Badr El-Din (1995) , who found that the administration of nicotine in drinking water of mice did not result in significant changes in the total cholesterol level. Treatment with antioxidants (either at low or high doses) after stopping of or during exposure to CS decreased the elevated cholesterol level. These findings were supported by those of Al malky et al. (2000), who studied the effect of antioxidants on cholesterol levels in rats, and Porkkala-Sarataho et al. (2000) , who studied the effect in humans.
Antioxidants administration also reduced the elevated triglycerides (TG) that resulted from exposure to CS. These results were supported by other studies, which revealed that increased intake of vitamins C and E affects lipid hyper-oxidation and results in the reduction of TG level (Sahin et al. (2002) ).
This study revealed that treatment with antioxidants, either during or after stopping exposure to CS, reduced LDL that had been increased as a result of exposure to CS. These results are supported by other studies that have revealed that vitamin E inhibits oxidation of both LDL and VLDL of fasting patients (Rajalakshmi et al., 2000) .
Exposure to CS decreases the level of HDL, and stopping smoking increases it, as this study shows. These results are in agreement with those of Maida and Howlett (1990) , who noticed that inhalation of CS affects lipoprotein metabolism and decreases the level of HDL. This study confirms that treatment with antioxidants increases HDL. This finding was augmented by the findings of Fotherby et al. (2000) , who reported that oral administration of vitamin C to females resulted in increased HDL and decreased LDL levels.
The endothelial cell damage that was noticed in this study could be attributed to the free radicals (NO 2 , OH, and O 2 ) induced by nicotine and circulated in the blood. This endothelial cell damage, in addition to the oxidative stress induced by smoking, resulted in atherosclerosis. This explanation was adopted by Sarkar et al. (1999) and Lin et al. (1992) .
Exposure to CS also resulted in a marked increase in adventitial layer thickness, which showed many lipid-containing cells. These lipids were increased in the blood due to exposure to CS, as revealed by biochemical study.
Treatment with antioxidants during or after stopping the exposure to CS resulted in marked improvement of the structure of the carotid artery. This could be explained by the findings of Panda et al. (2001) . They found that vitamin C prevents the damage of nitric oxide caused by superoxide produced during exposure to CS. These findings were confirmed by a previous study, which revealed that the intake of ascorbic acid for prolonged periods by coronary heart disease patients leads to marked improvement due to restoring of the endothelial cell function and dilatation of the coronary artery (Gokce et al. 1999) .
In this study, it was observed that improvement in the structure of the carotid artery and the lipid profile in the group that received antioxidants during exposure to CS were better than in the group that received antioxidants after stopping exposure to CS. This could be attributed to the role of these antioxidants in removing the free radicals produced by exposure to CS once they were formed.
Regarding the histological structure of the carotid and heart, it was also observed that the responses to antioxidants given at low doses were better than those given at high doses.
On the other hand, administration of high doses of antioxidants improved the lipid profile better than the low doses. It has been noted that high doses of antioxidants should be cautiously given, as they might act as oxidative agents and damage tissues (Rietjens et al., 2002) .
In conclusion, these results seemed to indicate that antioxidants ameliorate the CS contribution to atherosclerosis, as measured by carotid IMT and lipid profile. It also indicated that antioxidants could not completely reverse the CS-induced changes after stopping smoking. Simultaneous intake of antioxidants could ameliorate the CS-induced changes apart from those of the heart. Proloned study is recommended to assess the effect of long-term use of these antioxidants on the heart.
